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ABSTRACT
Context. Open clusters are recognised as excellent tracers of Galactic thin-disc properties. At variance with intermediate-age and old
open clusters, for which a significant number of studies is now available, clusters younger than . 150 Myr have been mostly over-
looked in terms of their chemical composition until recently (with few exceptions). On the other hand, previous investigations seem
to indicate an anomalous behaviour of young clusters, which includes (but is not limited to) slightly sub-solar iron (Fe) abundances
and extreme, unexpectedly high barium (Ba) enhancements.
Aims. In a series of papers, we plan to expand our understanding of this topic and investigate whether these chemical peculiarities are
instead related to abundance analysis techniques.
Methods. We present a new determination of the atmospheric parameters for 23 dwarf stars observed by the Gaia-ESO survey in five
young open clusters (τ <150 Myr) and one star-forming region (NGC 2264). We exploit a new method based on titanium (Ti) lines
to derive the spectroscopic surface gravity, and most importantly, the microturbulence parameter. A combination of Ti and Fe lines is
used to obtain effective temperatures. We also infer the abundances of Fe i, Fe ii, Ti i, Ti ii, Na i, Mg i, Al i, Si i, Ca i, Cr i, and Ni i.
Results. Our findings are in fair agreement with Gaia-ESO iDR5 results for effective temperatures and surface gravities, but suggest
that for very young stars, the microturbulence parameter is over-estimated when Fe lines are employed. This affects the derived
chemical composition and causes the metal content of very young clusters to be under-estimated.
Conclusions. Our clusters display a metallicity [Fe/H] between +0.04±0.01 and +0.12±0.02; they are not more metal poor than
the Sun. Although based on a relatively small sample size, our explorative study suggests that we may not need to call for ad hoc
explanations to reconcile the chemical composition of young open clusters with Galactic chemical evolution models.
Key words. stars: abundances –stars: fundamental parameters –stars: solar-type – (Galaxy:) open clusters and associations: individ-
ual: IC 2391, IC 2602, IC 4665, NGC 2264, NGC 2516, NGC 2547.
1. Introduction
Open clusters (OCs) are among the most efficient objects with
which the chemical properties and the evolution of the Galac-
tic disc can be probed. These systems represent the concept of
single stellar population well, that is, a group of coeval, (ini-
tially) chemically homogeneous stars. OCs cover a wide range
in metallicity (between −0.3 dex and +0.4 dex), and most impor-
tantly, are almost ubiquitous in the Galactic disc. They therefore
allow us to investigate a number of aspects, including stellar evo-
lution and nucleosynthesis models, along with the radial and az-
imutal metallicity gradients (e.g. Friel 1995; Donati et al. 2015;
Netopil et al. 2016; Jacobson et al. 2016; Reddy et al. 2016; Ma-
? Based on observations collected with the FLAMES instrument at
VLT/UT2 telescope (Paranal Observatory, ESO, Chile), for the Gaia-
ESO Large Public Spectroscopic Survey (188.B-3002, 193.B-0936).
?? The full Table 2 is only available in electronic form at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
grini et al. 2017).
In recent years, the number of studies on OCs and their char-
acterisation has enormously increased through the data from sev-
eral spectroscopic surveys (e.g. the APO Galactic Evolution Ex-
preiment, APOGEE, Cunha et al. 2016, Donor et al. 2018, Car-
rera et al. 2019; and the Open Clusters Chemical Abundances
from Spanish Observatories, OCCASO, Casamiquela et al. 2019
and references therein). However, while the number of studies
on intermediate-age and old OCs (τ & 600 Myr) is conspicu-
ous, less attention has been payed to the chemical composition
of young OCs (YOCs, ages younger than ∼ 150 Myr) and star-
forming regions (SFRs). The Gaia-ESO public spectroscopic
Survey (Gilmore et al. 2012; Randich et al. 2013) places special
emphasis on observations of OCs covering the age range from a
few million to several billion years, analysed in a homogeneous
way. It therefore offers the opportunity of deriving the metallicity
and abundances of a significant number of young objects (Spina
et al. 2014a,b). The study of such systems is indeed very im-
portant to shed light on different topics, such as the metallicity
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distribution in the solar neighbourhood, the present-day metal-
licity distribution in the Galactic disc (Spina et al. 2017), the
connection between the occurrence of giant planets and metal-
licity of the host stars (e.g. Santos et al. 2003), and the behaviour
of heavy-element (slow n-capture process) abundances (see e.g.
D’Orazi et al. 2017a and references therein).
Somewhat at odds with what is expected from the Galactic
chemical evolution models, several authors found that no YOCs
or SFRs with super-solar metallicities exist (James et al. 2006;
Santos et al. 2008; D’Orazi et al. 2011; Biazzo et al. 2011a,b;
Spina et al. 2014a,b, 2017; Origlia et al. 2019). All the young
populations in the solar neighbourhood seem to be slightly metal
poor with respect to the Sun. The presence of these systems
might be explained with a complex combination of star forma-
tion, gas inflows and outflows, radial migration (Minchev et al.
2013), or a different composition of the parental molecular cloud
(Spina et al. 2017).
It is well established that the frequency of giant planets is
higher around metal-rich stars, and this is predicted by planet
formation models (core accretion; Pollack et al. 1996; and the
recent tidal downsizing models; Nayakshin 2017). The lack of
metal-rich YOCs and SFRs could influence this relation, and the
question arises whether it is less probable to find giant planets in
these systems. There is growing observational evidence that in
some cases, the planetary companion might be more metal rich
than the host star (Vigan et al. 2016, Samland et al. 2017), as pre-
dicted by the core accretion paradigm. However, the uncertainty
on the metallicity of the young stars hosting planets, with typi-
cal uncertainties of ∼0.2 dex (e.g. James et al. 2006), prevents us
from placing strong constraints on this aspect. This topic clearly
deserves deeper investigation.
There are reasons to think that the sub-solar metallicity of
young stars is not intrinsic, but related to analytical problems.
Young stars have active chromospheres that may affect line for-
mation and thus the derived stellar parameters and abundances.
They also have intense magnetic fields (Folsom et al. 2016) that
might be related to different phenomena and mechanisms. For
instance, James et al. (2006) and Santos et al. (2008) reported
extremely high values of microturbulence parameters (ξ) (up to
∼ 2.5 km s−1), along with a substantial star-to-star variation (that
is apparently unrelated to the other stellar parameters: two stars
in IC 4665 analysed by Gaia-ESO have a difference in temper-
ature of +90 dex according to the iDR5 results and a difference
in log g of +0.01 dex, but a difference in ξ of +0.70 kms−1). A
similar behaviour has also been reported Viana Almeida et al.
(2009), who analysed stars in 11 associations containing young
stars, and found ξ values up to ∼ 2.6 km s−1. Moreover, the au-
thors reported a weak trend of ξ with the effective temperature
(T eff), with higher values at lower T eff .
Recently, Reddy & Lambert (2017) have investigated a pos-
sible correlation between Fe i abundances and the line formation
optical depth. According to their results, the Fe i lines that form
in the upper layers of the photosphere in young active stars pro-
vide larger abundances than those forming in the lower layers,
probably because of the active chromosphere. This trend may
also affect the value of ξ when it is derived by removing the slope
between individual Fe i line abundances and their reduced equiv-
alent widths (REWs). ξ is a free parameter introduced to account
for the difference between the observed equivalent widths (EWs)
of moderate to strong lines and those predicted by models based
on thermal and damping broadening alone. Weaker lines are al-
most independent of this parameter; it is therefore calculated
by forcing weak and strong lines to be in agreement. If strong
lines (typically forming in the upper photospheric layers) yield
anomalously larger abundances than weaker lines, ξ needs to be
increase in order to remove the slope. Galarza et al. (2019) re-
cently reported on the effects of stellar activity on the stellar pa-
rameters, but their analysis involved a star that is much older
(τ ∼400-600 Myr) than those in our sample.
Another important aspect is the behaviour of the s-process el-
ements. D’Orazi et al. (2009) found that the [Ba/Fe] ratio is posi-
tively correlated with OC ages. The standard analysis of the Ba ii
5853 Å and 6496 Å lines gave values up to +0.60 dex in clusters
younger than 50 Myr, but solar values in older clusters (age &
1-2 Gyr). The increasing trend as a function of the age has been
confirmed by other authors (Maiorca et al. 2011; Jacobson &
Friel 2013; Mishenina et al. 2015; Reddy & Lambert 2017; Ma-
grini et al. 2018; Delgado Mena et al. 2019), and it has been
interpreted by Maiorca et al. (2012) as due to the recent produc-
tion by nucleosynthesis in asymptotic giant branch (AGB) stars
of low mass. This can explain mild enhancements (up to 0.1-
0.2 dex), but not the much higher values measured in very young
clusters, however. Of the different explanations, the sensitivity
of the Ba ii 5853 Å line to the ξ parameter value seems to be
the most promising (Reddy & Lambert 2015). The Ba ii 5853 Å
forms in the upper layers of the photosphere, where the effects
of the active chromosphere are stronger. All these pieces of evi-
dence support our hypothesis that the standard chemical analysis
in very young stars (τ < 150 Myr) might lead to misinterpreted
results. We will investigate the behaviour of s-process elements
and their time evolution in a companion paper (Baratella et al.,
in preparation).
In this first paper of a series focused on the chemical char-
acterisation of very young stars, we propose a new approach to
perform the chemical analysis of these young objects. We anal-
yse Gaia-ESO fifth internal data release (iDR5) spectra of 23
stars observed in five YOCs plus one SFR by the Gaia-ESO
Survey. The dataset is described in Sec.2. In Sec.3 we derive
the input values of the atmospheric parameters from photometry.
We determine the stellar parameters by employing a new method
(Sec.4) that is almost entirely based on the use of titanium lines.
We also derive abundances for different α-, proton-capture, and
iron-peak elements: Fe i, Fe ii, Ti i, Ti ii, Na i, Mg i, Al i, Si i, Ca i,
Cr i, and Ni i. In Sec.5 and 6 we present our results and discuss
the scientific implications.
2. Dataset
We analyse high-resolution (R∼47000) spectra of 23 solar-type
dwarf stars (with spectral type from F9-K1) in five YOCs and
one SFR, observed in the Gaia-ESO Survey. The selected tar-
gets are IC 2391, IC 2602, IC 4665, NGC 2264, NGC 2516, and
NGC 2547, all with ages younger than 150 Myr. We have chosen
these clusters because no observational studies have been carried
out in the framework of heavy-element abundances, with the ex-
ception of IC 2391 and IC 2602, which we used as calibrators
of our abundance scale. Some information on these objects is
reported in Table 1.
The spectra of the target stars were acquired with the high-
resolution Fiber Large Array Mulit-Element Spectrograph and
the Ultraviolet and Visual Echelle Spectrograph (FLAMES-
UVES) (Pasquini et al. 2002) and have been reduced by the
Gaia-ESO consortium in a homogeneous way. The data reduc-
tion of UVES spectra was carried out using the FLAMES-UVES
ESO public pipeline (Modigliani et al. 2004; Sacco et al. 2014).
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Table 1: Basic information of the SFR and YOCs investigated in this work.
Cluster RA Dec Age∗ Distance R∗Gal E(B − V) Ref.
(J2000) (J2000) (Myr) (pc) (kpc) (mag)
IC 2391 08 40 32.00 −53 02 00.00 50±30 151±2 8.00±0.01 <0.05 1,2
IC 2602 10 42 58.00 −64 24 00.00 30±20 152±3 7.95±0.01 0.02-0.04 3
IC 4665 17 46 18.00 +05 43 00.00 40±10 345±12 7.72±0.01 0.16-0.19 4
NGC 2264 06 40 58.00 +09 53 42.00 3-5±4∗∗ 723±57 8.66±0.13 0.075 5,6
NGC 2516 07 58 04.00 −60 45 12.00 130±60 409±18 7.98±0.01 0.11 7
NGC 2547 08 10 25.70 −49 10 03.00 50±20 387±15 8.05±0.01 0.12 8
References. 1) Barrado y Navascues et al. (1999); 2) Barrado y Navascués et al. (2004); 3) van Leeuwen (2009);
4) Cargile & James (2010); 5) Sung et al. (2004); 6) Turner (2012); 7) Bailey et al. (2018); 8) Naylor & Jeffries
(2006)
Notes: The clusters are sorted by name. The distances (fifth column) are from Cantat-Gaudin et al. (2018). The
asterisk indicates ages and Galactocentric distances (RGal) from Netopil et al. (2016). We adopted RGal,=8.00 kpc.
The double asterisk indicates the age value from Venuti et al. (2018).
Different Working Groups (WGs) contribute to the spectrum
analysis: for the stars considered here, the analysis was per-
formed by WG11 and WG12. The details of the procedures are
described in Smiljanic et al. (2014) and Lanzafame et al. (2015).
The recommended parameters produced by this analysis are re-
ported in the iDR5 catalogue and are used as comparison for the
results we obtained with our new approach.
The UVES observations were performed with the 580 nm
setup for F-, G-, and K-type stars, with the spectra covering the
4800-6800 Å wavelength range. In particular, this spectral range
contains the 6708 Å line of 7Li, which is an important diagnostic
of stellar age. We did not consider the GIRAFFE spectra because
their spectral range is limited and they have a lower resolution.
Of all the available spectra, we selected only stars with rotational
velocities v sin i < 20 km s−1 to avoid significant or heavy line
blending, with signal-to-noise ratios (S/N) higher than 50 and
effective temperatures T eff & 5200 K to avoid over-ionisation
and/or over-excitation effects (Schuler et al. 2010). All selected
stars are confirmed members of corresponding clusters through
radial velocities (RVs) and the strength of the 7Li absorption line
at 6708Å, according to the Gaia-ESO iDR5 measurements.
3. Input estimates of the atmospheric parameters
T eff estimates were obtained using photometry from the Two Mi-
cron All-Sky Survey (2MASS) (Cutri et al. 2003) with the cal-
ibrated relation by Casagrande et al. (2010), valid for (J − K)
de-reddened colours in the range 0.07 < (J − K)0 < 0.80 mag.
We used this photometry because it provides homogeneous data
for the stars in this study.
We used the classical equation for the surface gravity (log g),
log g = log g + log
(
m?
m
)
+ 4 · log
(
Teff
Teff,
)
+ 0.4 · (MK + BCK − MBC,), (1)
where Teff,=5771 K, log g=4.44 dex, and MBC,=4.74. T eff
is the T (J − K) estimate and MK is the absolute magnitude in
K band, calculated with the distance estimates reported in Table
1. BCK is the bolometric correction in K band, calculated as in
Masana et al. (2006). The values of m? were estimated using the
Padova suite of isochrones (Marigo et al. 2017). From these, we
infer the mass to be equal to 1 M for the five YOCs, while for
the stars in the SFR, we infer m?=2-3 M.
The ξ values were derived using the Gaia-ESO relation
(Worley et al., in prep), calibrated for warm main-sequence stars:
ξ =1.10 + 6.04 10−4 · (Teff − 5787) + 1.45 10−7 · (Teff − 5787)2−
− 3.33 10−1 · (log g − 4.14) + 9.77 10−2 · (log g − 4.14)2+
+ 6.94 10−2 · ([Fe/H] + 0.33) + 3.12 10−2 · ([Fe/H] + 0.33)2
(2)
, which is valid for stars with T eff ≥ 5200 K and
log g ≥3.5 dex. In all the calibrated relations used to de-
rive T eff , the bolometric correction, and ξ, the input metallicity
was assumed to be solar, which was later confirmed by the
chemical abundances analysis. The input values of the atmo-
spheric parameters for all the stars are reported in Tables A.1
(i.e. Teff,phot) and A.2 (i.e. log gphot and ξphot).
4. New approach in elemental abundance analysis
To derive spectroscopic atmospheric parameters and element
abundances of our target stars, we used the local thermody-
namic equilibrium (LTE) line analysis and synthetic spectrum
code MOOG1 (version 2017, Sneden 1973; Sobeck et al. 2011).
Abundances of Fe i, Fe ii, Ti i, Ti ii, Na i, Mg i, Al i, Si i, Ca i, Cr i,
and Ni i were estimated using the EW method with the abfind
driver.
We used 1D model atmospheres that we linearly interpolated
from MARCS grid (Gustafsson et al. 2008), in the assumption
that LTE and plane-parallel geometry is valid for dwarf stars. We
chose these atmosphere models to be consistent with the analysis
of the UVES spectra performed by the Gaia-ESO consortium.
The lines we used were taken from D’Orazi et al. (2017b), orig-
inally selected from the line list optimised for solar-type stars
from Meléndez et al. (2014). We cross-matched our original line
list with the official Gaia-ESO line list (Heiter et al. 2019) to
adopt the same atomic parameters, in particular the value for the
oscillator strength (log g f ). The complete line list can be found
1 https://www.as.utexas.edu/ chris/moog.html
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Table 2: Atomic line data. The references for the log g f values are reported in Column 5. EWs and abundances for the Sun are
reported in Columns 6 and 7. The abundances are in the log(X) scale. The full table is available at the CDS. A portion is shown here
for guidance regarding its form and content.
Element λ E.P. log g f Ref. EW log(X)
(Å) (eV) (mÅ)
Na i 4982.814 2.104 −0.916 Froese Fischer & Tachiev (2012) 75.34 6.223
Na i 5682.633 2.102 −0.706 Froese Fischer & Tachiev (2012) 106.92 6.259
... ... ... ... ... ... ...
Table 3: Atmospheric parameters and chemical composition of Gaia benchmarks stars. We also report the value from the literature
(i.e. ξ values from Jofré et al. 2015 -J15-, while Teff , log g, [Fe/H] and [Ti/H] are from Jofré et al. 2018 -J18-) and from the Gaia-
ESO iDR5 catalogue (GESiDR5). The numbers of the lines we used in the analysis are in square brackets. The uncertainties are
calculated as the quadratic sum of the σ1 and σ2 contributions (see Sec.4.4 for details).
Sun αCen A τCet βHyi 18Sco
T eff,J18 (K) 5771±1 5792±16 5414±21 5873±45 5810±80
log gJ18 (dex) 4.44±0.00 4.30±0.01 4.49±0.01 3.98±0.02 4.44±0.03
ξJ15 (km s−1) 1.06±0.18 1.20±0.07 0.89±0.28 1.26±0.05 1.07±0.20
[Fe/H]J18 (dex) 0.03±0.05 0.26±0.08 −0.49±0.03 −0.04±0.06 0.03±0.03
[Ti/H]J18 (dex) 0.00±0.07 0.21±0.04 −0.17±0.07 −0.07±0.04 0.05±0.03
T eff,GESiDR5 (K) 5734±62 5813±60 5344±59 5828±116 5776±58
log gGESiDR5 (dex) 4.45±0.12 4.35±0.11 4.56±0.11 3.90±0.23 4.42±0.11
ξGESiDR5 (km s−1) 0.90±0.18 1.06±0.08 0.61±0.30 1.25±0.07 0.99±0.13
[Fe/H]GESiDR5 (dex) 0.06±0.11 0.27±0.11 −0.50±0.13 −0.06±0.10 0.08±0.07
[Ti/H]GESiDR5 (dex) 4.95±0.03∗ 0.26±0.01 −0.23±0.04 −0.05±0.03 0.03±0.02
T (J − K) (K) 5777±1 5845±61 5401±51 5702±80 5295±134
log gphot (dex) 4.43±0.01 4.32±0.04 4.47±0.03 3.91±0.04 4.28±0.48
ξphot (km s−1) 1.00±0.00 1.08±0.03 0.79±0.02 1.13±0.03 0.79±0.15
Teff(Fe i) (K) [Nlin] 5777±100 [59] 5845±75 [55] 5401±50 [59] 5800±100 [57] 5800±100 [59]
Teff(Fe i+Ti i) (K) [Nlin] 5790±50 [94] 5830±75 [89] 5401±75 [98] 5870±100 [87] 5875±100 [100]
log gspec (dex) 4.47±0.05 4.45±0.10 4.38±0.10 3.95±0.10 4.55±0.10
ξspec (km s−1) 1.00±0.10 1.09±0.20 0.89±0.15 1.35±0.10 1.15±0.15
[Fe/H]I (dex) 7.44±0.04∗ 0.23±0.02 −0.44±0.02 −0.09±0.02 0.06±0.02
[Fe/H]II (dex) 7.45±0.03∗ 0.21±0.05 −0.44±0.05 −0.09±0.05 0.05±0.04
[Ti/H]I (dex) 4.92±0.05∗ 0.26±0.05 −0.20±0.04 −0.09±0.02 0.09±0.03
[Ti/H]II (dex) 4.93±0.04∗ 0.25±0.04 −0.19±0.04 −0.08±0.04 0.08±0.05
∗ The solar values are in log(X) scale.
in Table 2. We used the Barklem prescriptions for damping val-
ues (see Barklem et al. 2000 and references therein).
The EWs for all the lines were measured using the soft-
ware ARESv2 (Sousa et al. 2015)2. We discarded all the
lines with uncertainties larger than 10% and those lines with
EWs>120 mÅ because stronger lines cannot be fitted with a
Gaussian profile. In some cases, especially for stars with rela-
tively high rotational velocities, we added lines by measuring
their EWs by hand using the task splot in IRAF.
4.1. Standard analysis: iron lines
First, we applied the standard analysis, which only uses neu-
tral and ionised Fe lines to derive Teff from the excitational
equilibrium, log g by imposing the ionisation equilibrium, and
ξ by zeroing the trend with the REWs. We analysed the Sun
2 http://www.astro.up.pt/ sousasag/ares/
and the Gaia FGK benchmark stars αCen A, τCet, βHyi,
and 18 Sco, whose UVES spectra were taken from Blanco-
Cuaresma et al. (2014). The atmospheric parameters for the
Gaia benchmark stars are listed in Table 3. We selected only
these four benchmark stars because their atmospheric param-
eters are similar to those of the stars in our sample. In
addition, we analysed one star of the first calibrator clus-
ter IC 2391 (age ∼ 50 Myr), 08365498−5308342. We obtain
Teff=5350±100 K, log g=4.51±0.15 dex, ξ=+1.75±0.10 km s−1
, and [Fe/H]=−0.07. These values are similar to the
iDR5 results, which are Teff=5381±55 K, log g=4.49±0.06 dex,
ξ=+1.77±0.01 km s−1 , and [Fe/H]=−0.09.
We investigated the nature of this quite high ξ value in more
detail by synthesising all the Fe lines with the code MOOG. Fig.1
shows that the synthetic profile with the anomalous value of ξ
(in red) does not reproduce the observed line profile (in black)
in the weak or strong lines, which confirms our suspicion that
the ξ value is too high. This behaviour is confirmed in 90% of
the Fe lines of the line list. Instead, the synthetic profile with the
Article number, page 4 of 16
M. Baratella et al.: The Gaia-ESO Survey: a new approach to chemically characterising young open clusters,
5373.00 5373.25 5373.50 5373.75 5374.00 5374.25 5374.50
λ (A˚)
0.7
0.8
0.9
1.0
F
lu
x n
or
m
5440.75 5441.00 5441.25 5441.50 5441.75 5442.00
λ (A˚)
0.85
0.90
0.95
1.00
F
lu
x n
or
m
5955.5 5956.0 5956.5 5957.0 5957.5 5958.0
λ (A˚)
0.7
0.8
0.9
1.0
F
lu
x n
or
m
5705.0 5705.5 5706.0 5706.5
λ (A˚)
0.7
0.8
0.9
1.0
F
lu
x n
or
m
5851 5852 5853 5854 5855 5856
λ (A˚)
0.7
0.8
0.9
1.0
F
lu
x n
or
m
6004.5 6005.0 6005.5 6006.0 6006.5
λ (A˚)
0.90
0.95
1.00
F
lu
x n
or
m
6379 6380 6381 6382 6383
λ (A˚)
0.80
0.85
0.90
0.95
1.00
F
lu
x n
or
m
6702 6703 6704 6705 6706
λ (A˚)
0.80
0.85
0.90
0.95
1.00
F
lu
x n
or
m
Fig. 1: Examples of the synthesis of several Fe i lines of star 08365498−5308342 (v sin i = 9.88 km s−1, as the recommended value
given in the iDR5) for which the observed profile is not fitted when we adopt the ξ value obtained from the Fe lines (ξ=1.75 km s−1 ; red
line) and with the values derived with the new method (ξ=0.85 km s−1 ; blue line).
atmospheric parameters, in particular ξ=0.85±0.10 km s−1, that
we derived with the new method described in Sect. 4.2 (blue
line) reproduces the observed profile better.
4.2. Titanium and iron lines
We derived the atmospheric parameters using the second
element with the largest number of spectral lines measurable
in our stellar types, both of the neutral and the ionised species:
titanium. On average, Ti lines form deeper in the photosphere
than the Fe lines, at log τ5000 ∼ −1, where log τ5000 is the
optical depth expressed in the logarithmic scale and calculated
at the 5000 Å reference wavelength. We therefore expect little
influence from the chromosphere, that is, a lack of trends
between abundances and line formation depth. Moreover, we
have very precise laboratory measurements of the log g f values
from Lawler et al. (2013) for the Ti lines. Recently, Tsantaki
et al. (2019) have argued that especially for cool dwarf stars,
the atmospheric parameter values derived with Ti lines are more
reliable than those derived with Fe lines. However, the authors
used Ti lines only to impose the ionisation balance, in order
to infer surface gravity estimates. Here we expand upon this
approach.
The excitation potential (E.P.) range covered by the Ti lines used
here is unfortunately too narrow to obtain a reliable estimate of
Teff (from 0 to 2.0 eV, while for Fe the range is 0-5.0 eV). All
Teff values we obtained with Ti lines alone are higher than the
photometric estimates (200-300K higher), and the uncertainties
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Fig. 2: Number of Ti i lines measured for each star as a func-
tion of S/N, colour-coded according to v sin i < 20 km s−1. Stars
with similar S/N but higher rotational velocities have fewer mea-
surable lines. The number of Ti i lines measured in the Sun is
reported in the top right corner.
are of about 200 K. Moreover, in some stars, especially those
with higher rotational velocities, the number of measurable Ti
lines is very low, in some cases there are even fewer than ten
lines, as we show in Fig.2.
To obtain more lines and a wider coverage of the E.P. range,
we derived Teff values using Fe i and Ti i lines simultaneously.
Tables 3 and A.1 show that the agreement between the three
different estimates of T eff is very good. Instead, for the other
parameters we used Ti lines alone for the reasons presented
above.
In summary, our new approach consists of the following
three steps:
– deriving Teff by zeroing the trend between E.P. and abun-
dances of Ti i and Fe i lines simultaneously (in particular, the
slope of the trend is lower than the uncertainty on the slope,
and the trend is not statistically meaningful);
– deriving log g by imposing the ionisation equilibrium for Ti
lines alone, that is, the difference between Ti i and Ti ii is of
the order of the quadratic sum of the uncertainties calculated
by MOOG divided by the square root of the number of lines of
the two species;
– deriving ξ by zeroing the trend between the REW of Ti I lines
alone and the abundances (as for the temperature, the slope
of the trend is expected to be lower than the uncertainty on
the slope).
When the star had fewer than ten measurable Ti i lines,
we kept the ξ value fixed to the photometric estimate
(7 of 23 stars). We considered 2 stars with discrepant ξ
values: 17452508+0551388 (IC 4665, age 40 Myr) and
08110139−04900089 (NGC 2547, age 50 Myr). We re-derived
the atmopsheric parameters keeping the ξ value fixed to the
photometric guess. We find that for 17452508+0551388 the new
parameters are equal to Teff=5321±150 K, log g=4.35±0.10 dex,
and ξ=0.75±0.04 km s−1, while for 08110139−04900089,
we find Teff=5325±100 K, log g=4.47±0.10 dex, and
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Fig. 3: Example of applying the new method for star
08365498−5308342 (IC 2391, age 50 Myr ). The green dots rep-
resent the Fe i lines, and the blue squares represent the Ti i lines;
the red lines in both panels are the linear regression, and individ-
ual slope and uncertainties are reported for each panel. See text
for further details.
ξ=0.80±0.04 km s−1. The difference between the newly de-
rived Teff and those we derived with our method is lower than
50 K and lower than the typical error (75-100 K) we obtain
for the Teff parameter. We therefore conclude that the two
Teff measurements are consistent and that the effect of these
differences on the final metallicity values is weak. For the
Sun, we measure 11 Ti ii lines, and for our sample stars we
measure from 4 to 8 lines, depending on the quality of the
spectra. Fig.3 shows an example of the trends with the final
parameters for star 08365498−5308342. In the y-axis of the
top panel, the difference between individual lines and the mean
values per atomic species is reported and was calculated as
∆log n(X) = log n(X)i − log n(X)mean. The trend between Fe i line
abundances and REWs clearly suggests that the ξ value needs to
be further increased.
All the final abundances were calculated differentially with
respect to the Sun. The final model atmospheres and abun-
dances are reported in Table A.2. We also calculated the
abundances for other different α- and proton-capture and
iron-peak elements, in particular, Na i, Mg i, Al i, Si i, Ca i,
Cr i, and Ni i. The respective abundance ratios [X/Fe] were
calculated as [X/Fe]=[X/H]?−[Fe/H]? ( in particular, [Ti/Fe]II
= [Ti/H]II−[Fe/H]II). The final abundance ratios are reported in
Table A.3.
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Table 4: Solar abundances derived here and in Asplund et al.
(2009) (A09), and meteoritic abundances from Lodders et al.
(2009) (L09). We also report the values derived by Gaia-ESO
in iDR5 (GESiDR5).
Species This work A09 L09 GESiDR5
Na 6.24±0.04 6.24±0.04 6.27±0.02 6.17±0.05
Mg 7.63±0.02 7.60±0.04 7.53±0.01 7.51±0.07
Al 6.43±0.03 6.45±0.03 6.43±0.01 6.34±0.04
Si 7.47±0.01 7.51±0.03 7.53±0.01 7.48±0.06
Ca 6.27±0.04 6.34±0.04 6.29±0.02 6.31±0.12
Ti 4.93±0.01 4.95±0.05 4.91±0.03 4.95±0.06
Cr 5.57±0.03 5.64±0.04 5.64±0.01 5.61±0.09
Fe 7.45±0.01 7.50±0.04 7.45±0.01 7.49±0.03
Ni 6.19±0.04 6.22±0.04 6.20±0.01 6.23±0.07
4.3. Solar abundance scale and the Gaia benchmark stars
We applied our new method to the Gaia benchmark stars to de-
termine its validity, and to the solar spectrum to derive our so-
lar abundance scale. In Table 3 we report the values of the at-
mospheric parameters and abundances of the Gaia benchmark
stars. The results we obtain with our new method are in excel-
lent agreement with the results by Jofré et al. (2015, 2018) and
with Gaia-ESO, in particular for ξ (rows highlighted in yellow).
We obtain very similar results, which confirms our hypothesis
that the standard analysis produces good results for older stars
(& 600 Myr).
In Table 4 we report the solar abundance scale, obtained
with the atmospheric values reported in Table 3. The mean value
between Fe i and Fe ii for the final Fe abundance is reported,
also for Ti. The uncertainties are the quadratic sum of the σ1
and σ2 contributions (calculated as the scatter measured by
MOOG divided by the square root of the number of lines and
as the sensitivity of the abundances to uncertainties in the
atmospheric parameters, respectively). Our solar abundances
generally agree well with the results by Asplund et al. (2009),
with the meteoritic results by Lodders et al. (2009), and also
with the results of Gaia-ESO iDR5. Based on the study of
Bergemann (2011) on the NLTE effects on Ti, we expect that
NLTE corrections for our lines that form at log(τ5000) ∼ −1 and
at solar metallicities are negligible.
4.4. Uncertainty estimates
The uncertainties of the atmospheric parameters reported in Ta-
bles A.1 and A.2 were estimated as follows. σT eff was calcu-
lated by varying the temperature until the slope E.P. versus abun-
dance was larger than its uncertainty and the trend became sta-
tistically meaningful. σlog g was estimated by varying log g until
∆(Ti ii−Ti i) was larger than the quadratic sum of the uncertain-
ties. Finally, σξ was calculated by varying ξ until the slope of the
trend was larger than the uncertainty on the slope and the trend
became statistically meaningful. We individually evaluated the
uncertainties for each star; in general, they are about 75-100 K,
0.10 dex, and 0.10-0.15 km s−1 for T eff , log g, and ξ, respectively.
The uncertainties on the abundances, σ1 and σ2 reported in
Table A.2, take the internal uncertainties and the contribution of
the atmospheric parameters into account, respectively. The first
source of uncertainty, σ1, can be represented by the standard de-
viation from the mean abundance considering all the lines di-
vided by the square root of the number of lines. The σ2 values
instead represent the sensitivity of [X/H] to the uncertainties in
the atmospheric parameters, and this sensitivity is calculated as
σ2 =
√(
σT eff
∂[X/H]
∂T eff
)2
+
(
σlog g
∂[X/H]
∂log g
)2
+
(
σξ
∂[X/H]
∂ξ
)2
.
As reported in Table A.3, for the uncertainties of the
abundance ratios [X/Fe], the σ1 values were calculated by
quadratically adding the σ1 value of [Fe/H] and that of [X/H].
The σ2 values were instead calculated in the same way as for
[X/H].
5. Results and discussion
5.1. Stellar atmospheric parameters
The atmospheric parameters we inferred with our method agree
well with the photometric estimates (Fig.4, where the data are
colour-coded according to age). The temperatures agree very
well, with a mean difference of −37±49 K. We note a general
offset of the log g values, with a difference of −0.11±0.09 dex.
However, we also note that the ionisation equilibrium is valid
for both Ti and Fe (Table A.2). For the ξ values, we find in-
stead that the spectroscopic estimates are slightly larger than
the photometric ones, but still comparable, with a difference of
0.15±0.10 km s−1. We excluded all stars from the comparison
plots whose ξ value was fixed to the photometric estimate. How-
ever, this offset between spectroscopic and photometric determi-
nations of ξ is known in the literature and has also been observed
in old stars. We note that using the values derived by Gaia-ESO
(∼ 2.0 km s−1), the difference with the photometric estimates is
even larger.
We compared our results of the atmospheric parameters and
the Fe and Ti abundances with those given in the iDR5 catalogue.
The comparison plots are shown in Fig. 5 (as in Fig. 4, the data
are colour-coded by age): our measurements of T eff and log g are
in fair agreement with Gaia-ESO. For Teff we obtain mean differ-
ences between our values and Gaia-ESO results of −66±122 K.
Instead, for log g we found ∆ log g = −0.07±0.11 dex. We con-
clude that our results are reliable and agree with those of Gaia-
ESO. However, the largest differences are seen for the ξ param-
eter. Our results are lower than those of iDR5. We find a mean
difference of −0.46±0.36 km s−1. A small mean difference like
this can be explained by the fact that for the stars in NGC 2516
(τ ∼ 130 Myr), we obtain values of ξ that agree with iDR5.
The third panel in the top row in Fig.5 shows a net sepa-
ration between younger OCs and older OCs (in this case, only
NGC 2516, represented by the red points). The most dramatic
effect of over-estimating the ξ value is seen in the youngest clus-
ters. We calculated the mean differences for the clusters with
ages younger than 100 Myr and for NGC 2516 with ages older
than 100 Myr. While the oldest cluster has a mean difference of
−0.23±0.13 km s−1, meaning that our results are comparable to
the iDR5 results, for the youngest clusters we have a mean differ-
ence of −0.85±0.27 km s−1, which is significant at the 3σ level.
These results confirm our hypothesis that the standard analy-
sis might produce over-estimated values of the ξ parameter for
young stars, which leads to an under-estimation of the element
abundances, as is shown in the bottom panels of Fig.5.
It is noteworthy that for the NGC 2516 stars we derive a
slightly higher metallicity than was published by Gaia-ESO, al-
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Fig. 4: Comparison between the photometric and spectroscopic estimates of the atmospheric parameters. The red line represents the 1:1
relation. The points are colour-coded according to ages. The red points refer to NGC 2516, and the blue points to the younger clusters.
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Fig. 5: Comparison between the values of T eff,spec, log gspec, ξspec , and [X/H] derived here with the values from Gaia-ESO iDR5. The red
line represents the 1:1 relation. We exclude stars from the plot whose ξ value is fixed to the photometric estimates. See text for further
details.
though the ξ values are quite similar. In particular, even if the dif-
ference in ξ is smaller than the difference with the younger stars,
the range covered by the difference in [Fe/H] is the same as for
the younger stars. This can be explained as the result of small
differences in the other photospheric parameters (e.g. 100 K in
temperature produces 0.07 dex in metallicity), to the use of dif-
ferent criteria in zeroing the trends in order to derive the photo-
spheric parameters, to the use of different method, such as the
spectral synthesis, and to differences in the EW measurements.
5.2. Element abundances
Final parameters and abundance ratios are reported in Tables A.2
and A.3. The mean values for each cluster are reported in Table
5, where the uncertainties represent the uncertainty on the mean.
In some cases it was not possible to derive the abundances of
some element, such as Al i, because the lines were too weak to
be measured or because of blending with nearby lines.
To evaluate the validity of our method, we determined the
correlation between the derived abundances with Teff , as in Fig.6
for Fe and Ti and Fig.7 for the different [X/H] ratios. We also
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Fig. 6: [Fe/H] (top panel) and [Ti/H] (bottom panel) as a function
of T eff derived using Fe and Ti lines simultaneously. For Fe, the
Pearson correlation coefficient is r=0.35, with p=.10, which is
not significant at p < .05. For Ti, the Pearson correlation coeffi-
cient is r=0.32, with p = .14, which is not significant at p < .05.
determined the trends between [X/H] and log g (Fig.8). In these
figures, the data are colour-coded according to the age, as for the
previous plots. The α- and proton-capture and the iron-peak el-
ements elements overall show solar abundances, as expected for
these types of objects. We do not find any statistically meaning-
ful trend, therefore our results are expected to be reliable.
Originally, our sample included a few stars with Teff .
5200 K. For these stars we find discrepancies (differences larger
than 0.8 dex) between abundances derived from Fe i and Fe ii, as
well as Ti i and Ti ii. These can be explained with the so-called
overionisation effect. It has been confirmed by different authors
that stars with T eff . 5200 K and young ages (τ . 100 Myr)
show systematically larger Fe ii abundances with respect to Fe i
in clusters and in field stars (King et al. 2000; Chen et al. 2008;
Schuler et al. 2010; Bensby et al. 2014). These differences are
stronger as T eff decreases and dramatically affect the derived
atmospheric parameters values, in particular log g. This is also
valid for the Ti lines (see Fig.4 in D’Orazi & Randich 2009).
According to the results reported by D’Orazi & Randich 2009,
the over-ionisation effect reaches values up to 0.6 dex for stars
with T eff lower than 5000 K, which decrease with increasing T eff .
Over-ionisation and/or over-excitation effects drove our choice
to restrict the analysis to star with T eff & 5200 K.
We compared our final mean results with literature values. For
IC 2391, IC 2602, IC 4665, and NGC 2516, our measurements in
general agree fairly well with different studies (De Silva et al.
2013, D’Orazi & Randich 2009, Shen et al. 2005, and Tern-
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Fig. 7: [X/H] as function of T eff , derived with the new method
and colour-coded according to age.
drup et al. 2002, respectively). For NGC 2264, King et al. (2000)
derived abundances for three stars and obtained a mean metal-
licity of −0.15±0.09. King et al. (2000) studied two stars with
T eff < 5000 K and one star that was similar to the Sun. The au-
thors derived T eff and ξ with the standard spectroscopic anal-
ysis, but they fixed log g to the value estimated based on the
isochrones. Their Table 1 lists ξ values of ∼2.0 kms−1, which
causes the Fe abundances to become sub-solar.
5.3. Effect of stellar activity
To analyse the effect of stellar activity on Fe lines, we studied the
dependence of the Fe line EWs on optical depth log τ5000, taken
from Gurtovenko & Sheminova (2015). In Fig.9, we calculate
the difference of the EWs of the Fe and Ti lines between a solar
analogue (star 10442256−6415301 belonging to IC2602, with
an age of 30 Myr) and the Sun. The solar analogue has Teff =
5775 ± 75 K and log g = 4.49 ± 0.10 dex, and we assumed that
the metallicity is the same as the Sun. Lines forming in the upper
layers of the atmosphere (log τ5000 < −2.5) in the young star
have larger EWs than those in the Sun, with differences up to 5-
10 mÅ. The linear trend for the Fe lines has a Pearson correlation
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Fig. 8: [X/H] as function of log g, derived using only Ti lines
and colour-coded according to age.
−4 −3 −2 −1 0
log τ5000
0
5
10
15
∆
(E
W
?
−
E
W
¯)
(m
A˚
)
Fig. 9: Difference between the EWs of the Fe (black dots)
and Ti (red dots) lines measured in the solar-analogue star
10442256−6415301 (30 Myr) and the Sun as a function of the
optical depth of line formation log τ5000. The dot-dashed line is
the trend for Fe lines.
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Fig. 10: Activity index log R′HK as a function of ξ values: the
GESiDR5 results are represented with grey circles, and the tri-
angles represent the values we find with our new method. The
black triangles are the stars in the sample, and the coloured trian-
gles represent the Gaia benchmark stars: red for αCen A, green
for 18 Sco, blue for τCet, and magenta for βHyi. The dot-dashed
line is the trend observed for the GES values.
coefficient r = −0.85 and is significant at p < .01. Lines forming
in the external layers are much stronger in the young star than in
the Sun; this means that this effect can influence the derivation
of the ξ parameter when it is derived based on the Fe lines.
We also analysed the dependence of the ξ parameter on the
chromospheric activity index log R′HK. Because we cannot di-
rectly calculate log R′HK from our spectra (because the spectral
coverage does not include the Ca ii H and K lines), we used the
conversion relation found in Mamajek & Hillenbrand (2008),
which takes the log (LX/Lbol) activity index into account. We
find in the literature values for 14 of the 23 stars we analysed.
Fig.10 shows that while our measurement does not display a sig-
nificant trend with activity, the ξ values measured by Gaia-ESO
instead increase at increasing log R′HK, that is, at an increasing
level of activity. In this figure, we also report the values for the
Gaia benchmark stars we analysed. The benchmarks are quiet
stars, with log R′HK < −4.8 , and we obtain the same value as
Jofré et al. (2015) with the new approach, as reported in Table
3. We also note that the ξ value we obtain for βHyi is slightly
higher than the values obtained for the other benchmark stars,
which is mainly due to the slightly advanced evolutionary stage.
6. Concluding remarks
We proposed a new approach to deriving the stellar atmospheric
parameters. We analysed a sample of 23 dwarf stars observed in
five Galactic YOCs and one SFR that are included in the Gaia-
ESO survey.
In particular, for a young cluster star an EW analysis that
only uses Fe i lines returns a value for the ξ parameter that is too
high, as shown by the model lines, which are too strong com-
pared to the observed lines. This indicates that the derived Fe
line abundances depend on the optical depth of line formation,
as suggested by Reddy & Lambert (2017). We also confirm that
this effect is weak in old stars, as we showed for the Gaia bench-
mark stars, for which we obtain the same results as Jofré et al.
(2015, 2018) and Gaia-ESO.
Our method consists of a combination of Fe and Ti lines
to derive T eff by zeroing the trend between the individual line
Article number, page 10 of 16
M. Baratella et al.: The Gaia-ESO Survey: a new approach to chemically characterising young open clusters,
6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5
log(Age) (yr)
−0.6
−0.4
−0.2
0.0
0.2
0.4
[F
e/
H
](
d
ex
)
NGC 3532 NGC 6633
IC 2391
IC 2602
IC 4665
NGC 2264
NGC 2516
NGC 2547
Fig. 11: Age-metallicity distribution for the YOCs we analysed here, for the sample of Netopil et al. (2016) (empty circles), field
stars taken from Bensby et al. (2014) (grey crosses), and Gaia-ESO clusters analysed in Magrini et al. (2018) (filled triangles). The
red line represents the model by Minchev et al. (2013) for 7.5< RGal < 9 kpc. See text for further details. The empty stars represent
the clusters we analysed whose metallicity was derived with the standard analysis (Netopil et al. 2016).
abundances and the E.P. For log g and the ξ parameter, we only
use Ti lines to avoid possible complications due to the use of Fe
lines, because the Fe lines form in a wider range of optical depth
and the strongest lines can be affected by the hot active chromo-
sphere. The comparison with Gaia-ESO iDR5 results showed
that while for T eff and log g we obtain comparable measure-
ments, a most dramatic effect is seen for ξ. Overall, we note
an overestimation of this parameter, with the largest differences
seen for clusters younger than 100 Myr.
We plot the metallicity distribution as a function of the open
cluster age in Fig. 11, where the empty circles represent the clus-
ters in Netopil et al. (2016) for which high-quality determina-
tion of metallicity are available (Heiter et al. 2014) and with
7.5 < Rgal < 9 kpc. The coloured stars represent the clusters
we have analysed with our new determination of [Fe/H]. The
empty stars represent our clusters with the metallicity derived
with the standard analysis. The blue triangles represent the Gaia-
ESO clusters analysed in Magrini et al. (2018) (intermediate-age
and old clusters), for which we take the median [Fe/H] value re-
ported in the same paper. In the case of NGC 2264, we take the
age estimate by Venuti et al. (2018) (in contrast with the esti-
mate by Netopil et al. 2016, who report 10±10 Myr), both for our
new metallicity estimate and the value obtained with the standard
analysis. The grey crosses, instead, represent the field stars taken
from Bensby et al. (2014), from which we select only thin-disc
stars, those with a probability ratio TD/D<0.5, where TD is the
probability of being a thick-disc star, and D corresponds to the
probability of being a thin-disc star. A more detailed description
of these parameters can be found in the Appendix A in Bensby
et al. (2014). Also, we exclude those field stars with a difference
between the upper and lower age limit that is larger than 4 Gyr,
in order to exclude those stars with large age uncertainties. When
we consider our new estimates of the abundances and the model
for the solar surroundings developed by Minchev et al. (2013),
no peculiar chemical evolution of the Galaxy seems required.
The model of Minchev et al. (2013) does not extend to ages
younger than ∼ 60 Myr, as already noted by Spina et al. (2017).
However, we expect an enrichment of nearly 0.10-0.15 dex at
RGal of 7.5-9 kpc in the last 4-5 Gyr. We might also expect the
model to extend to the present time with a flat, continuous be-
haviour, but very likely not towards sub-solar metallicities, as
the standard analysis seems to suggest instead. All of our new
estimates of [Fe/H], ranging from 0.04 to 0.12 dex, lie within the
predictions of the Galactic chemical evolution model. We also
note that the sample of Netopil et al. (2016) lies lower than pre-
dicted by the theoretical model. We do not have a conclusive
explanation for this behaviour: it might be the combination of
different factors, for example, the use of the standard analysis,
but also the fact that the metallicity determinations in Netopil
et al. (2016) are a combination of different studies.
We also analysed the effect of stellar activity. In Sec.5 we
reported that the difference between EWs measured in a young
(30 Myr) solar analogue and the Sun is larger for lines that form
in the outer layers of the atmosphere. Fig.9 showed that lines
forming at log τ5000 < −2.5 are too strong in the young star com-
pared with the values measured in the Sun. This might cause
higher values of the ξ parameter when it is derived based on
the Fe lines. We also find a dependence of the ξ values on the
chromospheric activity index log R′HK, which is stronger for the
GESiDR5 results than for the values we derived with the new
approach. This also confirms that for the Gaia benchmarck stars,
which are quiet stars, we obtain the same values with both meth-
ods.
Finally, the revised metallicities might also affect the
isochrone-derived ages of very young stars. Redder or cooler
stars mimic younger ages if a higher metallicity is assumed. The
isochrone-based ages may therefore be slightly different when
this is performed for stars whose colour-magnitude diagram de-
pends on [Fe/H].
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Table 5: Mean abundances and abundance ratios of each cluster.
IC 2391 IC 2602 IC 4665 NGC2264∗ NGC2516 NGC2547
[Fe/H] 0.04±0.01 0.04±0.01 0.12±0.02 0.11±0.02 0.08±0.01 0.10±0.01
[Ti/H] 0.02±0.01 0.03±0.01 0.11±0.03 0.19±0.09 0.09±0.01 0.10±0.01
[Na/Fe] −0.03±0.02 0.02±0.01 0.04±0.03 0.06±0.04 −0.03±0.01 −0.005±0.004
[Mg/Fe] 0.02±0.02 −0.03±0.01 - −0.02±0.04 −0.07±0.02 0.01±0.03
[Al/Fe] 0.03±0.02 −0.01±0.03 - - 0.00±0.04 0.04±0.04
[Si/Fe] 0.00±0.01 0.01±0.03 0.03±0.02 −0.02±0.05 −0.02±0.01 −0.01±0.02
[Ca/Fe] 0.075±0.004 0.08±0.02 0.07±0.02 0.02±0.04 0.04±0.01 0.07±0.01
[Ti/Fe] 0.01±0.01 0.01±0.02 0.00±0.04 0.03±0.06 0.008±0.004 0.01±0.02
[Ti/Fe]II −0.05±0.01 −0.02±0.01 −0.02±0.04 0.04±0.05 −0.01±0.01 −0.03±0.01
[Cr/Fe] 0.01±0.03 0.05±0.01 0.08±0.02 0.02±0.06 0.02±0.01 0.07±0.04
[Ni/Fe] −0.04±0.02 0.023±0.003 0.06±0.01 0.00±0.02 0.03±0.01 0.03±0.02
∗ For this cluster we analysed only one star, therefore the uncertainty is the quadratic sum of σ1 and σ2.
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Table A.1: Different values of T eff derived with photometry, Fe lines alone, and Fe and Ti simultaneously. We also report the number
of the Fe and Ti lines that we measured for each star. In the last column, we repot v sin i values taken from Gaia-ESO iDR5.
CNAME Teff,phot T Fe I T Fe I+Ti I nFe I nTi I v sin i
(K) (K) (K) km s−1
IC 2391
08365498−5308342 5215±118 5150±100 5150±100 39 17 9.88
08440521−5253171 5471±103 5471±50 5471±75 35 9 19.47
IC 2602
10440681−6359351 5600±162 5500±100 5500±75 32 10 12.87
10442256−6415301 5825±117 5765±75 5765±75 40 12 11.54
10481856−6409537 5753±114 5700±100 5680±100 29 8 13.81
IC 4665
17442711+0547196 5397±103 5280±75 5397±75 15 9 14.92
17445810+0551329 5650±118 5600±75 5575±75 31 11 10.72
17452508+0551388 5321±108 5200±100 5271±100 17 10 14.13
NGC2264
06405694+0948407 6081±162 6150±75 6150±75 30 7 20.02
NGC2516
07544342−6024437 5487±133 5325±75 5300±100 46 16 6.51
07550592−6104294 5570±107 5500±75 5500±75 30 10 11.64
07551977−6104200 6064±161 6064±100 6050±100 33 8 14.24
07553236−6023094 5739±114 5650±75 5625±75 33 10 10.21
07564410−6034523 5708±112 5600±75 5600±75 28 10 9.43
07573608−6048128 5592±108 5572±100 5572±75 35 12 7.50
07574792−6056131 5617±109 5525±75 5515±75 35 18 6.54
07575215−6100318 5287±97 5200±75 5170±75 33 10 7.76
07583485−6103121 5708±112 5758±75 5730±75 28 10 12.04
07584257−6040199 5643±110 5525±75 5500±75 33 10 10.17
08000944−6033355 5753±145 5700±75 5700±75 32 11 8.90
08013658−6059021 5673±111 5600±75 5575±75 28 9 10.08
NGC2547
08102854−4856518 5800±148 5800±100 5800±100 24 6 18.06
08110139−4900089 5453±103 5250±75 5353±100 32 12 9.93
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